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NASA TT F-10,495

CHEMICAL EQUILIBRIUM OF MULTITEMPERATURE SYSTEMS

A. V. Potapov

ABSTRACT

The author has obtained the derivation of the law
of mass action for a multitemperature system. A form-
ula is derived for calculating equilibrium ionization
when the electron temperature differs from the heavy-
particle temperature.

Let us consider a system A of elements which are the degrees of /55%
freedom of molecules in a mixture of ideal gases. This system consists of
quasi-independent subsystems B having various temperatures. We shall not bother
to explain the mechanism responsible for maintaining the temperature in each of
these subsystems. This mechanism might be, for instance, more intimate inter-
action between the subsystems and various thermostats than between the sub-
systems themselves. We shall assume in the given case that the energy of inter-
action between each subsystem and its thermostat is small on the average in
comparison with the energy of the subsystem itself.

Let a subsystem B in turn consist of (s + t) subsystems C: s different
types of subsystems Cq having only translational degrees of freedom with Nq

particles in each type, and t different types of subsystems C. having only in-
ternal degrees of freedom with Nr particles in each type.

The free energy of an individual single-temperature subsystem B considered
as a system of particles may be written in the form (ref. 1)

Fyp= —kT,In > e—t,/h'r;.,.\\ (1)

where k is Boltzmann's constant; Tp is the temperature of the p-th subsystem

B; Ej is the energy of the j-th state of the subsystem.

*Numbers given in margin indicate pagination in original foreign text.
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By substituting the sum of the energies Ek and Eh of subsystems C for the
energy Ej of subsystem B in expression (1), we give the following form to the

expression for free energy Fp:

T B el - - Pant

(2)

We assume in subsequent transformations that the subsystems Cq with trans-

lational degrees of freedom consist of indentical particles, while the sub-
systems C. with internal degrees of freedom consist of various types of parti-

cles characterized by some specific translational velocity. It is readily ap-
parent that only a systematic implementation of this principle will result in

expressions for the free energy F = ¥ Fp of various multitemperature systems A
P

which will always give the known formula for the free energy of a single-
temperature system with transition to the case Tp = T.

Taking consideration of the fact that s-particles are identical and t-

particles are different in subsystems C, we get /56
{=s ' N,
Fp = -—kT,lnHN : ( Ze"u’"’-) —
= * (3)
Cor=t N,
— kT, ] ( S e-enhr, ) ,
r=4 h

where ¢ , ¢, is the energy of the individual state of a particle.

Using ordinary transformations, we then find

_ eV [ mkT, ).,,
Fp— "Tp‘;E‘Nq N.( 2 )
' %)
r=t¢ /
- m Z‘,zvr In z, + 2\ Nreor, /
r==f.. remg

where m is the mass of a particle: B = h/2m is Planck's constant;

Z exp( o ,:;.ew) \\ (5)



is the sum by states of an individual particle in the subsystem Cr; €or is the
zero-point energy of a particle in subsystem Cr'

Expressions for the free energy of each subsystem C may be easily found on
the basis of expression (4).

Let us apply the first and second laws of thermodynamics to the !-th sub-
system C:
dQypi == dEpt + dLypi, (6)

RN

it 7
where del is the heat which is supplied; dEpl is the increment in internal
energy; dSpl = ’d(anl/an)V, Np1 1S the increment in entropy; de1 is the
total energy of the subsystem.

Bearing in mind that

Fpl=Epl—' TpSpl, (8)
N Pl ;
we find on the basis of (6) and (7) for system A
AF + D) SpdTp+ N dLp < 0. (10)
! pvl Pvl
In the case of a process with Tp = const, taking place in a constant vol-
ume V, where
iy y, - \
2y 8Ly =0,
.(§l’ v \ (1)
the relationship (10) takes on the form
(_m:"p, v !£0 : (12)
The free energy of a multitemperature system at T , V = const, can only
%
decrease. When the system is in equilibrium /57
F=§ nin (13)
and T
(dF)rp,v'r-'b- . (14)
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As follows from equation (14), a condition for chemical equilibrium for
the reaction

(15)
(where A; are the chemical indices of the reacting materials; v, are the stoi-

chiometric coefficients) is the relationship
(16)

where

(17

is the chemical potential of subsystems D made up of identical molecules.

The free energy of each of these multitemperature subsystems D is obtained
by addition of the free energies of the corresponding subsystems C:

mkT 47)'/'

eV
Fi= KT, (
! WNiln e\ —5re

' \
— 3 kToNiInZip + Nieos.! (18)
P \

Here €j; = §€in is the zero-point t energy of a particle in the
D-subsystem.

In conformity with definition (17) for the chemical potential of a mul-
titemperature subsystem D, we have the expression

_— 1 m;kT{ : ‘.l,“'_.\
pi= —kT;ln— ( TS ) —«%'»kfplnl@_‘;-j—’em\ (19)
where
ﬁ _;Ah i
g TV (20)

Substituting (19) in (16), we find the following condition for chemical
equilibrium of a multitemperature system

Y =EVey mikT; \"hT v .
Hn‘kﬂ‘i =g i H {( 2;{,&2 ) HZ‘phT” } ‘- (21)
L P
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The law of mass action for a multitemperature system is written as
l{ﬂh.*‘fm =1Kn.\ (22)
Tagh, '

The quantity K, which is independent of the amount of reacting materials

may be called the constant of chemical equilibrium by analogy with ordinary
thermodynamics.

Let us apply our law of mass action in a multitemperature system to the
ionization reaction

in the case where the temperature of rotational and oscillatory degrees of /58
freedom is equal to the kinetic temperature of heavy particles T = T; =T,

while the temperature of electron excitation is equal to the electron temper-
ature T . The result is the formula

T BT (2T VT ke oz, 24
“v(?»g“-),r--“:geza«re)(za(m' Z A o

where ¢ = % Vi€pi is the ionization potential; 8. = 2 is the statistic weight
of the electrons; Z;(T) and Za(T) are the sums by states of the rotational and
oscillatory degrees of freedom; Zi(Te) and Z;(Te) are the sums by states of
the electron excitation of ions and molecules respectively.

Relationship (24) is derived without consideration of the interaction be-
tween matter and radiation. Therefore the degree of ionization in actual sys-
tems containing radiation will be strictly reflected by this equation only if
radiative processes produce the same balance between particles as processes of
a pure collision type. 1In all other cases, equation (24) is applicable only if
collision processes which produce ionization equilibrium play a predominant
part in comparison with radiative processes. A similar requirement applies to
plasmas with nonequilibrium radiation where it is assumed that the Saha equa-
tion may be used (refs. 2 and 3).

As is generally known, subsystems with characteristic kinetic temperatures
are formed by electrons and heavy particles in a gas discharge at a certain de-
gree of ionization due to the great difference between the masses of electrons
and atoms (refs. 2, 4 and 5); in this regard, the excited electron states in
some electric arcs have Boltzmann distribution at the electron temperature, and
rotational degrees of freedom at the kinetic temperature of the heavy particles
(refs. 2 and 6). 1In many published works, e. g., references 4, 5, 7, 8, and 9,
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it is proposed that the Saha equation with electron temperature should be used
for this type of two-temperature plasma, i. e., a statistical relationship de-
rived for other physical conditions, viz. on the assumption of a single-
temperature state of equilibrium for the entire particle system. It is evident
that use of statistical relationship (24) found for a 2-temperature system makes
more sense in cases of this type.
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Introduztion

The n-body problem is generally concerned with the motlon of masses
Mys o« o5 T (n>1), moving in inertizl space under the attraction of
their grevitional forces. In the cese of & particle m.j being acted

- upon by rmess Ty vwe illustrate the geometry in Figure 1.

Figure 1.

With position vectors r, end r,, the differential equation of

motion due to the force on the jth particle by the kthmass is

t n

! o ity L

- n Iy = z ,'Jmk £Q Tk s k=1, .+ +5 n) (1)
J=1 - 2 er .
Ak Tk

‘? assuming the initial position and velocity are given; 1.e., Iy (0),;
% Vi (0) and rjk7>0, we seek a solution of (1). To realize what consti-

tutes 2 solution to a differntial cquation, recall the problem

5

= f(X: y) b

vhere we seek a solution such that Yo = g(xo) for a oredetermined

point and in general y = g(x, c). Obviously to find c we solve Yo = g(xo, c).
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~
However, in actuality we solve g(x, y, ¢) = O, with 8(X09 MY c) = 0.

Solving for ¢ we find an implicit solution relating x and y. For exam-

ple, consider

dy _ 2x + yexy cos e

b4
dx x e A |

sin
with solution

x2 + sin eV + Y = Co.
The latter equafion is a solution in the sense that if it is differen-

tiated you get the former. Actually such a2 solution serves no useful

purpose unless there exists some transparency that mekes it more use-
ful.

Further, assume there exisis a set of differential equations ;

&x _ & _
at = f(x) Y) 2 at = g(X, y)

with initial conditions x{0) and y{0) given. The problem is to find [
solutions x = x(t) and y = y(t) satisfying the differential equations
znd the initial conditions. Oimple division of these equations eli-

minates the variable t and yields dy

wh = g . H
& n(x, y) ¥here ¥ g(x) ere

we heve managed to reduce the system by one, and there is a chance that
if the solution is trapsbarent *he reduction is useful. Thus mathemati-
féians were led to look for integrals to systems of differenlial equations.
-Returning to equation (1), the iea is to reduce it to a system of

first order differential ecuaticas of the form

"

a;;:‘fk(x, . e ey xn) , Wherek =1, . . .,m , X = xk(t) (2)

N
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and xk(O) given for k = 1, . . ., m. The order of (2) is 6n, with

m = 6n.

Assume ' x < X t) is an integral of the system if

1’
every solution >f the system gives

f [xl(t), . v ey xm(t), t] = constant, . (3)
vhere the constait is determined by

£ [xl(t), o . ey xm(t), t] =7 [initial values] .

(3) is an implicit solution of (2) in the sense that if

f%:[xl(t), . e ooy xm(t), t] =f [initial values] ; k=1, . . ., m
there exist m equations in n unknowns for which we can solve xk =
Xk (t, initial conditions), and the problem is solved in terms of t

and the initial conditions.

Illustrative Central Force Problem

Consider the 2-body problem, n = 2, 12 integrals, with masses

moving in a field subject to the inverse square lawv.

¥
" L
/m m£=-7€’—2£;— s Or

r=-Az . (%)
0 tY *

Hote: |rl # T
Figure 2.
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XHMHYECKOE PABHOBECH.. MHOIOTEMIIEPATYPHBIX CHCTEM

. A. B. IHomanos

Ionywen 3axou MeliCTBYICIIAX MACC JUIA MHOTOTOMIIGDATYPHOI CHCTEMBL.
Haercn opmyna qiA, paciera paBHOBECHOH HOHHIAUAH OPH OTAMUHH DACKT-
POHHOIl TEMIICPATYPHI OT TeMIEPATYPhl TAMKEBIX JaCTHIL.

PaccMmoTrpiiM cricteMy A 271eMelTOB, HpeACTABAMIOUNX coboil cTeneni ¢po-
Gopp!l MOJEKYJ CMecH MAEANBHLIX Ta30B il COCTOANIYI0 M3 KPasHHE3aBICIIMLIX
noacucTem B, uMelompx pasiHYHYIO TeMiepatypy. MexaHnaMm mnoamepiKauns
TeMICPATYPhl KOKIAOH M3 IOACHCTEM He yTOUHsAeM. JTO MOKeT GBITH, HampH-
Mep, Godee TecHoe BlauMOJElCTBHE TOACMETEM ¢ PAasiMYHBIMM TEPMOCTATAMH,
yem MeKAy coGoit. B yxkasanHoM ciayuae GygeM CYMTATH, YTO DHEPIHA B3AIIMO-
AGICTBNA KarKaoii TOZICHCTEMEI CO CBOMM TePMOCTATOM B CpefiHEM MaJia IO
CPaBHEHHIO C 3Heprueii caMoil moACHCTEeMEI.

Ilycrs nogcucrema B B cBoio ouepens coctout B3 (s - &) mopcHcTeMm
C : s pasnanyunix coproB mopcmeTeM C,;, 06AANAIONIAX TOABKO HMOCTYNATENLHBI-

M CTeNleHAMHU cBOGOALI, M0 Vg 9acTHI] B KaXKIOM COPTE€ H { Pa3NHIHLIX COPTOB
noacucreM C,, MMEIOUIMX TOJHKO BHYTPCHHHME CTENEHH cnoﬁoma, no N, wacran
B KO)KAOM copTe.
Cpobonuas sHeprug OTAENLHONR OfHOTeMOEpaTypHOU moacucTeMul B, pac-
CMaTPMBAEMOi KaK CHCTeMa YacThi, MO)KeT ObITH 3amHcaHa B BHfe [1]
Fp=—kTyIn D, e EfrT,, (1)
» )
rie k — nocropunaa DBoabumana; -T'p — Temuepatypa p-it mopcncremul B;
E; — aHeprus j-ro cOCTOAHMA TIONCHCTEME.
Bamenna B Buipaskennn (1) ouepruio mopcucrems B — E; na cymmy

Hrp-
it nomcucreM C — Ey, En, npupapaM  BHIpaXKeHAI0  CBOGORHON- ancpn?u
Fy popmy: - L

: g==3s r=t u
Fp=—kTpn || D e BT —kTpIn]] 2 e—zm (2)
q=1 h r=1 h

[lpu nanpHedmux npeo6pasoBaHUAX MONOKAM, YTO MOACHCTEMBI 'C'q ¢ To- '

CTYNAaTeNLHBEIMK CTeNeHAMM CcBOOOJABL COCTOAT N3 TOMKAECTBEHHLIX YACTHN, &

noucncreMst C, ¢ BHYTPEeHHHMHA CTeNeHsMYM CBOOOABI — M3 pasAMYMMEIX Ya-

CTHI[, XaPAKTEPHBYIOLIHXCA TOM MIHM MIOif OCTYIaTeNbHOR ckopocthio. Jlerko

yOGenTBCA, YTO TOJABKO HmOCIAENOBATENLHOE IPOBEeune 3TOr0 NPHHOHOA IPHBO-

ANT K TAKMM BhIpaieHMAM Iia cBoGopnoi sHeprn F =23 F, paanmumnix
»

MHOroTeMUepaTypHEIX cucreM A, KOTOpbie BCera HAlOT NPH Iepexofe K cay-

vaio 'y = I W3BECTHYIO (bopmy.ny poia cBaboAHOI GHEPrHI ORHOTeMIepaTyp-
HOii CHCTeMBL.

.
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i, e, B ia A Shat

s — ik Srontic. M

1 caywae, Korjia TCMIICpaTypa BPamaTCABIBIX 1 KoacGaTenbLIBIX  CTemenej:
cnoGojiui papiia KHHETNWeCKoii TemnepaType Tmxeabx wactny I == Ty = T,,
4 TCMICPATypa OJCKTPONIIOTO BO3GY/KNCHISL PaBHA 2MEKTPOHHOM TeMmmepary-
pe Te. B pesyaprare noayunm gopmyay

" ( )T'T _ Z/(T) (Zi(T) \T/T-( mkT,
\ta! 5 ZJ(To) \ Zo(T) ) 2ol
The ¢ == E‘ Vi€oi — MOTENNNAN  HOHN3ATHN; ge = 2 — CTATICTHIECKA Bec

)ah e—YRT, (24)

anexrponos; Z;(T) n Zo(T) — cyMMBI IO COCTOMHIIAM BPaIATENHHLIX M KO-
ncbareannsix creneneii cvobonrt, Zi' (Te) u Zo' (Te) — CyMMBI 1O COCTOARMAM
IACKTPOITIOro Bo30YICINIA COOTRCTCTBEHNO OHUOB I MOJCKYJ.

Cootnomrenne (24) momyueno 6ea paccMoTpenms nsarmouencrmm pemie-
croa ¢ maaydwonuosm. Joaromy crencons somusannn B PoanbIbIX CHOTOMAX, Co=
JCPIKANINX JITYUelHe, OKayKeTCsl CTPOro COOTBETCTBYIONIE 3TOMY YpaBHennio,
CCIIH TONBKO IPONECCHl € y9acTHeM H3nyveHdsa OYHYyT co3faBaTe TOT Ke Oa-
Jlafgc MCIKRY YacTHHAMM, YTO K YICTO CTOJIKHOBHTENBHBIE Mpomecchl. Bo Bcex
ocTaNpHBIX ClydanX ypaBHeHHc (24), ecrecTBeHHO, NPAMEHHMO JHIOL TaM,
TAC CTOAKHOBHTENbHLIE NMPONECCHl IS YCTAHOBIEHHA MOHH3ANHOHHOrO0 papIo-
BCCHA HrpajoT Tpeobiafalomyio poib B CPaBHeHMH ¢ maxydaTearHuiMH. Ilo-
nobioe ske TpeGopaHue NPEABABIACTCA K IJIa3MaM C HepaBHOBECHHIM H3Iyde-
IIeM, JUIA KOTOPHIX CUMTaeTcs BO3MOMKHEIM MCHOJNB30BaTh ypasHenie. Caxa

[2,3].

Kax H3BECTHO, BCICIACTBIE Boaninoit pa3HUNLl B Maccax BJIeI(TDOHOB }[ aTo- -

'MOD DJICKTPOHBI M- TAJKeJIble JacTHUBI B Ta30BOM pa3psfe NPH ONpeReIeHIoi
CTeTCHIE NOHM3aNiu 00pasyior MOACACTEMbl ¢ COGCTBEHABLIME KHHETHYECKAMH-
TeMmneparypamu [2, 4, 5]; JIDH 9TOM B HEKOTODPHIX BIEKTPHIECKHX [yrax Bo3-
Gy)cICHIBIC DIEKTPOHIIME COCTOSTHHA MMeI0T GONBNMaHOBCKOE pacnpefienene
IpH TeMIepaType dIeKTPOHOB, & BPAIIaTeNbNble CTeMeHH CBOGOALI — IPH K-
HeTHYeCKoil TeMniepaType THKeawx wacTanm [2, 6] Bo Muornx onyﬁnnnonan—
neix paGorax, manpnmep [4, 5, 7—9], mua Taxoit AByXTeMmepaTypHoii Imia3-

" MBI IIPEAJIaTaeTcsa HCNoAb30BaTh ypapHeHMe Caxa ¢ TeMmepaTypoil 3AeKTPOHOB,

T. €. CTATHCTHYCCKOEe COOTHOILIEHNE, NOXYUYCHHOEe IJISi MHBIX (bnanqecxnx yciao-
Bl’ll{ HMEHHO B IIpeanoJIOKeHNH ozmo'remnepa'rypnon KBa3paBHOBECHOCTH
BCeif CHCTEMBI qacTnm. HO-BIHIIIMOMY, HACHOOJB30OBAHHE B IIO,ll06HHX cnytmnx

CTaTHCTIYECKOro cooTHomenus (24), naunenno:‘o UIA JBYXTeMIepaTypHOIf

<cHcTeMbl, Gymer ﬁonee oﬁocnonam{o.
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XUMIYEGKOE PABHOBECME MHOTOTEMIEPATYPHBIX CHCTEM

4. B. Homanoe

Ioaywen 3akoH {CHCTBYIOMAX Macc 218 MHOrOTeMIEPATYPHOR CHCTOMHL.
Maetcst opmyda AT PRCYCTA PABHOBeCHOW ROHNSANME ODH OTTHYHE 3/MeKT-
POHHON TCMIEPATYPH OT TCMICPATYPLL [ AMKEILIX YaCTRIL

PaceMorpim cucreMy A 2:1eMEHTOB, IpCACTABIAKIINX coboil crencHE cBO-
Gogpl MOTCKYM FMWOCA HCAABHHX Tazch ¥ COCTOSMYIO ¥3 KBa3NAeaapACEMBIX
DOACHCTE v, {i. ©a oy v IIYHITQ T v IepaTydy. MeXaHRaM IoleDRanES
TeMOe ;a "VpL! k iVt HCTOM My YTOUHAEM. 3'10 MOMeT BITH, BANDH-
Mep, Hoace T HMORCMCTBHES TOACUCTEM € PABIKUYHLIMU TEPMOCTATAME,
yem Meskay coboli. B ykasanHoM ciydae 6yaeM CYHTaTh, ITO JHEPTAA BI3AHMO-
AeilcTBIA KamA0H HOACTCTeMBl CO CBOUM TCPMOCTATOM B cpefHeM Maia 1O
cpaBREHHI0 ¢ DHeprHeil camol’ MOACHCTeMH.

Ilyc:s nmoacucTeMa 3 r CBOKS OYCPeRL COCTORT H3 (5 +!) OOACHCTEM
C : s pasau4yBIX coproB noigcucreM C,;, 0HIATARIMEX TONBKO MOCTYMATENBIR!-
MH CTEIEHAMH CBCO 1HI, 110 Ng T8CTHI, B KaKIOM COpTe B I Pasruyne ™ coprov
nocHeTeM Cr, M o1 i X TOABKO BEYTPEHHHe CTemeHH cBOGOIEL, Mo |V, dacTAn
B Kaytl0M copTe.

CsoGomuan AHePrHA OTAeNbHOH OLEOTeMIepaTypHOH mogcucTemut B, pac-
CMATPHBAEMON KaK ricTema 9acTHL, MOeT OHTH 3aOHcaHa B BRAe [11

Fp=-—kT,In~ .-FiRTp . £}

ree k —mocronmuag Boaspecna; Tp — Temmepatyps p-it rouc temi w B
E . — aneprus j-ro oTOAHHH CACHITEMBL

3averss, © o s o (4) apentmo notewerevm B — Fowa cyroe N
THit CEn, opasiv BnpaKeHHI  uoTogHON ePri
Fo o

>‘-l roey
- [T J - . LI el e -
== — ”_\,_v. - - &TpInT i U (2)
Y .

RSN T ofpasor i amsam o o cetemid Cq ¢ Hoe-

STUNATET UMD CTOTEIRIN G BONGHTL € VT We TS 30 TRCARMX YacTam, a
corayeme ey HEVT T MMy anfo) W2 pasIMYHMBIX YA-
N ceaugr o volt w3 it e orve e mreol exopoersio. Jlerro

. e T KIEo T T ITOTG DT Y o (DRRBO
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“ . RN UEPTINS (S P L UK0T vpE e v
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Yyureipass, uto B nodcereMax € S-UACTHIB TOMICCTBCHHRE K {-qacTHi
l)ilil.'lll‘lll.\lhl, llO:ly‘llll\i

= ,
= — P -~y /AT f—
Fp= kTpln”Nl (Ske A p)

e

remt

—kTyn n( ‘_’e kT, )N: 3)

re=| h

1€ &k, Ex —~ JHEPTHH OTAEABHOTO COCTOAHEA YAaCTHIIM,
Henoansys ofaaniie upeoGpasonanus, Haitgem aanee

Fp== —kT,,tZ qunLV(mqkT,, )’i,—

pu Ny \" 2qn2
ru=t ramt

—kTp N, nZ. + ¥ Noeor, (4)
re=1 r=1

TRe m — macca wacTOM; A = h [ 2n — nocrosumas Ilaamwa;

By = Cor
Z, —_? exp ('—T) ' (5)

— CYMMa 10 COCTOAHHAM OTAeNbHOM wacTMmu N3 moacmcremu C,; eo — Wyme-
Bas JHEPrafg JacTRNE MORCHCTeMId Cr.

Hexons ws mupamenus (4), HeTpymEO ycramosuts BMPOKEHHA 18 CPO-
6oanolt sHeprim ReyEnGH ws mogcECYeM C.

ITprmennu k [-ii nofcucTeMe C mepewit m BTopoR 3aKon TOPMOTHHAMNKN:

AQp = dEpi + dLy, (6)
TpdSp = dQy, )

rae d{p — NOmBENEHHOC TeILTo; dEp; — npupamenne BHYTpeHHeit JHeprum;
dSpr = —d(6Fp [ 0T p) v, ¥p — NpApallenHe aHTpouHn; dLy — ofmasn pabora
DORCACTEMEI.

Nwumen B Bugy, uto

Fpi= Ep — TpSp, (8)
F=3F,= 3Fy, )
4 p.l

Ha ocHoBaHEn (6) u (7) malizem nua cucremm A
dF + 2 SpdTy + Jdlp < 0. (10)
b 2 p.l

B cayuae npomecca ¢ Tp = const, PpoTeKAIMIEro B NOCTONNROM ofnexno V,
KOT A

’(' Z dex) = 0, (19)

n.l v
coornomenne (10) nprHIMaeT Bug

(dF)r v < 0. (12)
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Wocayian, ROT L 'll‘,\lll(‘])il'l"\‘[)il H[n”l(;l'l‘l‘ilh“l-lx " ).In‘wﬁ;nvu.!rmx cTeneHeR
cBONO LT PARHA KHHCTHYCCKON ToMuepatype Tokeamx wacrmn /=T, = T,,
& TOMIepPATYpPAa HWICKTPOHHOIO BOAOYMACHDA DaBHA ISKTDOHHON TeMmepaty-
pe T B peayantare roayuum epmyay

(n. )” a Z{(T) ( Z(T) \’”( mekT.)"'
" Ng Z (T \ .,(T) 2an?
e ¢ = S vigei — NOTORIBAT  NOHMIAMMI, £, = 2 — CTATHCTHYOCKAR  Bec

i

n,

T, (24)

snexrponos; Zi(T) u Zo(T) — cymust 00 cOCTOMMINAM BpamtaveArNMX X KO-
aeGarensumx crenenedt cmobonnt, Z,'(Te) m Z,'(T,) — cymume no cocromsman
AMCRTPORTIONG mnﬁvmennﬁ COOTRETCTBONHO NONOD K MOBONY 3,

Coornopienine (24) noayweno Gea Pac-MOTPeRHA wusmuozeflcTRES Deme-
etia ¢ uatydemieM. HooToMy creions RoBBSafiH B Peajdblibix CHCTEMAX, CO-
ACPIKAIIX IATYIOHUC, OKAKOTCHA CTPOTO COGTBCTCTBYIOUICH HTOMY YPOBRORHIO,
CCAH TOARKO TTPONMECEHl € Y9aCTHCM HATy9enHa GyAyT co3lasaTts TOoT e Ga-
JaHC MOAGLY FACTHTIAMIT, UTO H YHCTO CTOIKHOBHTCIRHME Tpomerest. Bo scex
ocTANLNLIX CIydasx ypabuemue (24), ecTecTBeHHO, NPAMCHMMO JTHINE TaM,
I'Ae CTOIKHOBUTCIILHBIC NPOHCCCBI ITIA YO TAHORICHAHH NMNHAIATIRONAOrO PABHO-
BCeCHA NrpalT NIpeo(Iajamyio pols B fPABHEHAN C MAIyuarennhAbiMH. Jlo-
AoGroe ske TpeGoBaHite UPCTLARIACTCA K TTa3MaM ¢ HeDaBROBECHBIM H3anyde-
HHCM, AJH KOTOPWX CYNITACTCS BO3IMOKHEIM HCHOIL30BaTh ypasHemne Caxa
12,31

HKax w3BecTHO, BelencTeHe Gopmoft pasHENM p Maccax 93exTpoNOS X ATO-
MOB DJICKTPOWHI T TAKe/iblé HaCTHIE B Tra3oBoM pa3pife NpE onpénezenmol
cTenenit ORMAATMNN nOPA3YIOT NOACACTEME ¢ cOGCTRONIHMA WHANOTEIOCKEME
vemuepatypaMu [2, 4, 5]; npn 9TOM B HEKOTOPRIX 2ICHTPAYTECKAX AFrax BO3-
Gy zenHEIe JICKTPONHDBIE COCTOANNSA AMET (0anUMABOECKOe pacmpeneneHne
UPH TEMIIEpaType MIeKTPOHOB, @ BPAUIaToabIKE CTANEHA cBofonnl — NpPH KR-
HeTiaecKoll Temmepatype Tiweawx sactan [2, 6]. Bo mmornx omyfinmkoman-
#LIx paborax, manpwmep [4, 5, 7-—9]. in rakoit IByxTemueparypHofi maas-
MBI TPEIaTaeTes NCNOIbI0BATE Vpanuenite Caxa ¢ TCMIEpaTYpoORt 2MeKTPOROS,
T. . CTATICTHYIECKOE COOTHOMIOHAL, HOFYTCHHOC A1 HWHEX (UINYECKAX yeno-
BAN, HMCHHO B HIPeZNOIMKEHHH OHOTEATIePAaTYPEOl KBarWpaBROBECHOCTH
BCelt cucTeMbl gactim. [lo-BRiMoMy, MeHo.ip30BadmMe B N0 06GHHX cxywasx
CTATHCTHYSCKOTO cOOTHOMeERNA (24), RaiizeHHOro AIA JAByXTewmepatypHOk
cucTeMsl, 0yaer 6oaee nDOCHORAHHO.
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